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Introduction
Cellulose is the most ubiquitous and abundant polymer in
nature. The chemical conﬁguration (Figure 1a) promotes
crystallization into hydrogen-bonded, uniaxially-oriented
primary structures, which are the origin of interesting
properties such as high thermal stability, insolubility in
water and intriguing mechanical properties.[1] The latter
originate from the hierarchical design of native cellulosic
materials: cellulose chains assemble into crystals to form
microﬁbrils, which, together with other components,
aggregate into largermacroscopic ﬁbers. These hierarchical
structures canbedeconstructedbyhydrolysis; if theprocess
is carefully controlled, highly crystalline cellulose nanoﬁ-
bers, commonly referred to as ‘‘nanowhiskers’’ can be
isolated from native cellulose. Typical sources include
wood, tunicates, cotton, and others.[1] Cellulose nanowhis-
kers (CNWs) display a high aspect ratio (10–100), with
diameters between 4 and 25nm, depending on the source.
Due to the high level of uniaxial orientation CNWs exhibit
on-axis elastic moduli of 100–150GPa.[2–4]
The idea to use CNWs to construct semi-artiﬁcial
nanocomposites has received signiﬁcant attention.[5–9]
Favier et al. were the ﬁrst to report a signiﬁcant improve-
ment of the mechanical properties of a poly[styrene-co-
(butyl acrylate)] latexupon incorporating small amounts of
CNWs isolated from tunicates.[10] In themeantime, a broad
range of nanocomposites comprising CNWs has been
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Attempts to create hierarchically structured, uniaxially oriented nanocomposites comprising
cellulose nanowhiskers (CNWs), which promise anisotropic mechanical properties, are exceed-
ingly rare. We report here the fabrication of uniaxially-oriented arrays of microﬁbers based on
poly(ethylene oxide) (PEO) and CNWs by electrospinning.
Compared with the neat PEO ﬁbers, the incorporation of
CNWs within the ﬁbers increased the storage modulus
(E0) of arrays along the ﬁber axis of the PEO/CNW nano-
composite ﬁbers. Successful incorporation of the CNWs
within each of the as-spun PEO/CNW nanocomposite
ﬁbers in the direction parallel to the ﬁber axis was
veriﬁed by both scanning and transmission electron
microscopy.
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studied.[11–23] In isotropic nanocomposites the CNWs, if
well dispersed and used in a concentration above the
percolation limit, form a percolating network.[24] Stress
transfer is facilitated by hydrogen-bonding between the
surface hydroxyl groups[25] and the mechanical properties
arewell describedbyapercolationmodel.[26,27,10] Belowthe
percolation limit the reinforcement is less pronounced and
can be described by the Halpin–Kardos model.[1]
Attempts to create hierarchically-structured, uniaxially-
oriented nanocomposites comprising CNWs, which pro-
miseanisotropicmechanicalproperties, are rare. Ithasbeen
reported that in neat whisker suspensions (without
polymer) orientation can be induced by a shearing force
with the orientation occurring in the direction perpendi-
cular to the sheardirection for lowshear rates andalong the
shear direction for higher rates.[28] Strong magnetic[29–33]
and electric[34] ﬁelds were also used to orient nanowhisker
suspensions. We report here the fabrication of uniaxially
oriented arrays of microﬁbers based on poly(ethylene
oxide) and CNWs by electrospinning. This method is ideal
for the fabrication of thin ﬁbers (mm to nm range) and has
been used to orient a variety of ﬁllers along the ﬁber axis,
including single-walled[35,36] or multi-walled[37–39] carbon
nanotubes, TiO2 nanowires,
[40] and bacterial cellulose.[41]
Electrospinning can also induce anisotropy on the mole-
cular scale, as polymer chains show preference for uniaxial
alignment along the ﬁber axis.[42–47] Peresin et al. showed
that ﬁbrous nanocomposites of poly(vinyl alcohol) and
CNWs isolated from ramie can be produced via electro-
spinning, although uniaxial alignment of the electrospun
ﬁbers was not pursued.[48] Kakade and coworkers showed
thatmacroscopic alignment of polymer nanoﬁbers, as well
as PEO chains, parallel to the ﬁber axis, can be achieved by
electrospinning in a ﬁeld between two electrically-charged
deposition plates.[46] This method was employed here to
create uniaxially-oriented nanocomposite arrays based on
PEO and CNWs isolated from tunicates, a nuisance marine
species. For theﬁrst time,mechanical reinforcementof such
hierarchically oriented materials is demonstrated.
Experimental Section
Materials and Solution Preparation
Poly(ethyleneoxide) (PEO) (Mw3000000Da)waspurchasedfrom
Polysciences (USA). CNW were isolated by sulfuric acid hydrolysis
from tunicates (Styela Clava), using a previously reported
procedure.[10,49,50] The nanowhiskers were dispersed in de-ionized
water (6.3mg mL1) and sonicated before mixing with the
polymer at different weight ratios (i.e., 100:0, 95:5, 90:10, and
85:15 polymer:CNW). The resultingmixtureswere dilutedwith de-
ionized water to adjust the overall concentrations to 2.5, 2.6, 2.8,
and 2.9%w/v (i.e., tomaintain a PEO concentration of ca. 2.5%w/v)
and the mixtures were stirred for 1 d at room temperature before
electrospinning.
Electrospinning
Electrospinning was carried out under ﬁxed electrical potential
(15 kV), collection distance (25 cm), and collection time (24h) to
produce uniaxially oriented, ﬁlm-like arrays of the ﬁbers. The ﬁnal
thickness of the fabric was in the range of 20–30mm. Brieﬂy, each
mixturewasplaced ina10mLplastic syringewithablunt18-gauge
stainless steel hypodermic needle being used as the nozzle. An
aluminum frame (15.2 cm15.2 cm with three 2 cm10 cm
openings) was used as collection plate that allowed for ﬁber
alignment across the openings. A Gamma High-Voltage Research
ES30P DC power supply (Florida, USA)was connected to the needle
(þ),while thegroundelectrodewasconnected to thecollectorplate.
A feed rate of 0.5 mL min1 was maintained by an ALADDIN-100
syringe pump (World Precision Instruments, USA).
Morphology
The morphological appearance of the electrospun ﬁbers was
examined using a Nova nanoSEM 600 scanning electron micro-
scope (SEM) from FEI Company (USA). The ﬁber diameters of
electrospun sampleswere determined using SEM images at 5000
magniﬁcation; average values were determined from at least 100
measurements for each spinning condition. Electrospun PEO/CNW
ﬁbers, as well as neat CNWs, were examined using a JEOL 1200EX
transmission electron microscope (TEM). Nanowhisker samples
werepreparedbydepositionof 5mLof thenanowhisker dispersion
on carbon-coated copper grids. Electrospun PEO/CNW ﬁbers were
aligned across the opening of the aluminum frame for 1min and
then the copper grid was held by a pair of tweezers to take the
aligned ﬁber out of the opening directly.
Mechanical Properties
The mechanical properties of rectangular electrospun PEO/CNW
ﬁber arrays were investigated using dynamic mechanical thermal
analysis (DMTA) measurements on a DMA Q800 V7.4 in tensile
mode at an oscillation frequency of 1Hz, a static force of 10 mN,
oscillation amplitude of 15.0mmand an automatic tension setting
of 125%. Themeasurementswere carried out over the temperature
range of 20–50 8C at 3 8C min1.
Figure 1. Chemical structure of a) CNWs, b) polyethylene oxide
(PEO), and c) transmission electron microscopy (TEM) image of
CNWs isolated from tunicates.
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Results and Discussion
The CNWs used in this study were extracted from clubbed
tunicates (Styela Clava), a marine nuisance species,
according to previously-established protocols.[10,49,50] As
can be seen from the TEM images shown in Figure 1c, these
CNWs are characterized by an unusually high aspect ratio
(i.e., 100onaverage),withanaveragewidthofca.20nmand
an average length of ca. 2mm.[10,49,50] Previous work by
Favieretal.[10] andWeder coworkers[25] suggests thatCNWs
isolated from tunicates display a more pronounced
reinforcing effect than other types of CNWs, perhaps on
account of the higher aspect ratio. PEO, shown in Figure 1b,
was used as the matrix in the present study, as it is easily
processed into ﬁbers by electrospinning and is readily
soluble in water,[46] an excellent dispersant for the CNWs.
Aqueous solutions containing PEO at a concentration of
2.5–2.9%w/vand0–20%w/wnanowhiskers (relative to the
PEO) served as dope for the electrospinning experiments.
These were conducted using an electric ﬁeld of 15 kV
applied between the needle tip and an collection platewith
slit-like openings. The slit-like openings allowed for ﬁber
alignment across the opening gap.[46] This enabled the
fabrication of uniaxially oriented arrays of PEO/CNW
nanocomposites. The morphological characterization of
these materials was carried out using both SEM and TEM,
which revealed clearly the hierarchical organization of
these systems. Figure 2 shows the SEM images of neat PEO
ﬁbers (Figure 2a) and PEO/CNW nanocomposite ﬁbers
(Figure2b–d)ofvaryingCNWcontent (i.e.,5,10,and15%w/w).
Indeed, all of the electrospun ﬁber arrayswere deposited in
auniaxially-alignedmanner across thegap in the collection
plate. The uniaxial alignment was maintained over the
entire deposition period, but the SEM images show some
imperfections in the alignment and the presence of voids;
this is attributed to the surface charge repulsion of the
ﬁbers.[51,52] Detailed inspection of the SEM images of the
ﬁbers showsroundcross-sectionaldiameters in the rangeof
430 to 460nm (Table 1). Only a slight difference in the
appearance of the neat PEO and the PEO/CNW nanocom-
posite ﬁberswas observed. In both cases, the ﬁber surface is
very smooth. The average ﬁber diameter slightly decreased
with increasing CNW content, which is attributed to
the slight increase in the overall concentration and the
increased viscosity upon the addition of CNWs to the
spinning mixtures. These results are consistent with
previously published studies, which reported decreased
Figure 2. Scanning electron microscopy (SEM) images of the
uniaxially oriented arrays of electrospun ﬁbers of neat PEO
(a) and PEO/CNW nanocomposites (b–d). b) 5% w/w CNW c)
10% w/w CNW d) 15% w/w CNW. Shown are images with a
magniﬁcation of 5000 (6060mm2, left) and 10 000
(15 15mm2, right).
Table 1. Composition of spinning solutions, average ﬁber diameters, and storage moduli (E0) of the electrospun ﬁber arrays PEO/CNW.
PEO/CNW
concentration
[% w/v]
CNW content
[% w/w]
Average ﬁber
diameter [nm]
Storage modulus
(E() of array [MPa]
2.5 0 459 0.2 163 14
2.6 5 454 0.1 234 96
2.8 10 448 0.1 267 25
2.9 15 437 0.2 324 10
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ﬁber diameterswhen the viscosity of the spinning solution
increasedandthemass throughputof thespinningsolution
decreased.[53,54]
The incorporationof theCNWsinto theelectrospunﬁbers
and, in particular, their alignment within the ﬁbers was
probed using TEM (Figure 3). Only ﬁber segments with
diameters in the range of 90–110nmwere suitable for TEM
observation. In view of the fact that the average length of
the CNWs (i.e., ca. 2mm) used is substantially greater than
the diameter of the electrospun ﬁbers (430–460nm in
Figure 2 and 90–110nm in Figure 3), the absence of any
protruding segments of CNWs from the PEO/CNW nano-
composite ﬁbers, as revealed by both SEM and TEM images
(Figure 2 and 3) suggests that the CNWs are incorporated
well within the ﬁbers in an oriented manner. Figure 3a
shows the TEM image of an individual neat PEO ﬁber
segment. The imagedoesnot showanyspeciﬁc features.On
the contrary, darker areas can be seen in the TEM images of
the PEO/CNW nanocomposite ﬁbers, which correspond to
thewidth of thewhiskers (ca. 20nm) and aremuch smaller
thantheﬁberdiameter (ca. 90–110nm). The imagessuggest
that the CNWs reside at the core of the ﬁbers and are
embedded within the ﬁbers in the direction parallel to the
ﬁber axis, with a high level of uniaxial alignment. Thus the
observations in the SEM and TEM images suggest the
targeted hierarchical structure, that is cellulose molecules
being ﬁrst assembled into highly anisotropic whiskers,
which are embedded within the electrospun ﬁbers in a
uniaxially-oriented manner, which, in turn, are assembled
into uniaxially-oriented arrays. This hierarchical architec-
ture is the result of electrostatic interactions and shear
forces of the process.[46,51,52] According to previously-
published reports, the PEO chains are expected to orient
along the ﬁbers axis,[46] but thiswas not investigated in the
present study.
To study the mechanical properties of the ﬁber arrays of
PEOandPEO/CNWnanocomposites, rectangular sectionsof
the arrayswere cut away from the aligned ﬁbers across the
gap of the collection plate. The mechanical properties of
these sampleswere explored by DMTA. The storagemoduli
(E0) of the neat PEO and the PEO/CNW nanocomposite ﬁber
arrays, measured at 25 8C, are compiled in Table 1 and
Figure 4. Based on the obtained results, the reinforcement
effect resulting from the presence of the CNWs is clearly
evident. Speciﬁcally, E0 doubled from ca. 163MPa for the
neat PEO ﬁber arrays to ca. 324MPa for the nanocomposite
ﬁberarrayscomprising15%w/woftheCNWs.Theobserved
reinforcements is lower thanexpectedbasedonpercolation
and Halpin–Kardos models, but it should be noted that the
mechanical properties of the uniaxial arrays are, to a large
extent, governed by the fact that the electrospun ﬁlms are
largely ‘‘disconnected’’ in the transverse direction. We
surmise that signiﬁcant improvements could be made by
the use of an additional binder or post-processing scheme
that reduce void space and merge ﬁlms together.
Figure 3. Transmission electron microscopy (TEM) images of indi-
vidual electrospun ﬁbers of neat PEO (a) and PEO/CNW nano-
composites (b–d), b) 5% w/w CNW, c) 10% w/w CNW, d) 15% w/w
CNW.
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Figure 4. Storage modulus (E0), determined at room temperature,
of arrays of electrospun ﬁbers of neat PEO and PEO/CNW nano-
composites as function of CNW content.
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Conclusion
Poly(ethylene oxide)/cellulose nanowhisker nanocompo-
site ﬁbers with average diameters of 437–459nm were
preparedby electrospinning. For theﬁrst time,macroscopic
uniaxial alignment of such electrospun, cellulose-contain-
ing ﬁbers was pursued by deposition on a collection plate
with gap. Electron microscopy studies revealed high levels
of uniaxial orientation at different levels, i.e. of the
nanowhiskers within the PEO ﬁbers and of the PEO ﬁbers
with respect to another. DMTA data show that the storage
moduli E0 of arrays of aligned electrospun PEO/CNW
nanocomposite ﬁbers are 1.5–2 times greater than those
of the neat PEO counterparts. While all ideas employed
herein have individually been used, they were, to our best
knowledge, combined for the ﬁrst time to create hierarchi-
cally structured, uniaxially oriented arrays of thin polymer
ﬁbers containing cellulose-nanowhiskers with improved
mechanical properties.
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